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Abstract 11 

The swelling strain caused by methane adsorption in coal affects reservoir permeability, 12 

further complicating the propagation of fluid pressure. The impact of different scales of 13 

pores in coal on the adsorption behavior was investigated by combining the reaction 14 

heat apparatus C80 and atomic force microscopy (AFM), followed by characterization 15 

of adsorption effect variation in coals with different particle sizes due to adhesion 16 

differences. The results show that the absolute adsorption volume (AAV) of the high-17 

rank coal sample Chengzhuang (CZ) of 0.85-2.00 mm is 1.06 times higher than that of 18 

the medium-rank coal sample Qiyi (QY) under the pressure of 4.2 MPa. With the 19 

increase of pressure, more desorption occurs at different sites of adsorbed phase, 20 
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resulting in the increase in the density of the free phase methane increasing the gap 21 

between AAV and excess adsorption volume (EAV). The larger the particle size of coal, 22 

the smaller the temperature variation during adsorption. In the AFM measurements, CZ 23 

containing 2026 adsorption pores exhibits stronger heterogeneity than QY, leading to 24 

the formation of more capillary condensation of methane. For the adsorption heat, 25 

methane tends to occupy sites with high adsorption potential at the beginning of 26 

adsorption to release large amounts of heat. Moreover, the adhesion force distribution 27 

of QY is more uniform than that of CZ, mainly concentrated between 1.5 and 3.0 nN. 28 

Subject to microscopic adhesion force, methane molecules in the effective adhesion 29 

region can be stably adsorbed to pores. Temperature affects the heterogeneity of 30 

adhesion, mainly the higher the temperature, the more concentrated the distribution of 31 

adhesion in coal. The findings contribute to the clarification of the adsorption kinetics 32 

of nanoscale carriers in coal reservoirs. 33 
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1. Introduction 36 

The efficient exploitation of coalbed methane (CBM), as a key component of 37 

unconventional natural gas, is of great strategic importance for the early realization of 38 

carbon neutrality [1-4]. Coal is a porous medium with a large internal specific surface 39 

area that thus exhibits adsorption effects on gases [5, 6]. Adsorption of coal involves a 40 

process of microporous filling or multilayer adsorption, rather than simple monolayer 41 
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adsorption [7]. In general, the deformation of the adsorption expansion of coal exceeds 42 

that of the desorption contraction, making the energy change of the adsorption process 43 

not exactly the same as that of the desorption process [8-10]. With the increase in 44 

deformation degree, the aromatization and ring condensation of coal are significantly 45 

enhanced [11, 12], resulting in the gradual increase of Langmuir volume. Compared 46 

with primary structure coal, the adsorption capacity of mylonite coal is stronger. 47 

The adsorption effect of coal is influenced by coal quality, physicochemical 48 

structure, temperature, pressure and stress [13-15]. Zhang et al. [16] found that the 49 

desorption rate of anthracite after plasma treatment was greater than that of bituminous 50 

coal by combining electric pulse fracturing with isothermal adsorption tests. A large 51 

amount of heat carried by plasma increases the temperature, leading to a decrease in the 52 

adsorption capacity of coal [17]. Liu et al. [18] believed that the adsorption process 53 

changed from the collision phase between pore surface and gas molecules to the 54 

intermediate phases of single-molecule adsorption and multilayer adsorption with 55 

increasing relative pressure. Due to the extensive development of micropores, most of 56 

the isothermal curves of adsorption and desorption in coal show a significant hysteresis 57 

[19]. Gou et al. [20] tested the structural characteristics of pore-fracture at different 58 

scales using field emission scanning electron microscope (FE-SEM) and computerized 59 

tomography (CT), concluding that micropores and mesopores provided large 60 

adsorption space for adsorbed gases. Chen et al. [21] showed that the internal structure 61 

of coal was changed after methane adsorption by low-temperature liquid nitrogen 62 

adsorption tests, resulting in higher electrical conductivity. Additionally, moisture 63 
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altered the wettability of coal [22], leading to enhanced electrical conductivity. The 64 

difference in wettability of different components in coal makes the process of methane 65 

adsorption more complicated [23]. Fu et al. [24] revealed that microwave radiation 66 

reduced the adsorption pores with pore size below 10 nm and increased the total content 67 

of C-O and COOH. In particular, microwave radiation can change the chemical 68 

properties of coal, causing a decrease in the affinity of coal for methane adsorption [25]. 69 

According to the characteristics of adsorption-induced swelling, Zhang et al. [26] 70 

suggested that the apparent volume expansion decreased with increasing strain at the 71 

same adsorption pressure. Under the same temperature and pressure conditions, the 72 

factors affecting the adsorption expansion of coal bodies include adsorbent molecules, 73 

chemical potential and stress conditions [27, 28]. In the process of methane adsorption, 74 

the gas molecules start to be stored in the macromolecular structure network of coal as 75 

adsorbed state [29]. After reaching the peak strain, the shrinkage effect occurs in the 76 

coal matrix [18]. 77 

Subject to multi-phase tectonic stress, the number of micropores in tectonic coals 78 

gradually increases in the same metamorphic environment [30]. For the thermal effect 79 

of adsorption, the impact of porous structure is more significant than that of gas 80 

injection [31, 32]. The adsorption heat is the conversion energy between adsorbed gas 81 

and free gas [7], which can be used to predict the adsorption isotherms at different 82 

temperatures and pressures. Moreover, the adsorption heat can characterize the 83 

temperature evolution of coal, the energy distribution of sites and the heterogeneity of 84 

surface energy [13, 23]. 85 
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In the past few years, many scholars have extensively studied the adsorption 86 

capacity, electrical characteristics, multilayer adsorption mechanisms, wettability 87 

differences and adsorption-deformation effects of coals with different metamorphic 88 

degrees [7, 14, 33, 34]. Interestingly, the thermal expansion effect of methane adsorbed 89 

by medium-high rank coals during fracturing was quantified [18, 35]. However, few 90 

studies have been reported to reveal the adsorption mechanism of coal from the 91 

perspective of microscopic adhesion considering the combined effects of van der Waals, 92 

capillary and Coulomb forces. In particular, we have not seen existing studies that have 93 

explored the effect of adhesion on adsorption effects at different temperatures in coal. 94 

Besides, there is little research on the accurate assessment of nanoscale pores on the 95 

adsorption heat variation of coals with different particle sizes. These aspects of the 96 

research essentially address the difficulty of improving the desorption of coal reservoirs 97 

through chemical fracturing fluids. 98 

In this work, we have investigated the changes in the adsorption behavior of coals 99 

with different particle sizes caused by adhesion differences using the combination of 100 

reaction heat apparatus C80 and atomic force microscopy (AFM). This was 101 

accomplished by first analyzing the adsorption properties of coals with different particle 102 

sizes and then revealing the constraint mechanism of temperature on the adsorption 103 

behavior. Subsequently, the influence of different scales of pores in coal on the 104 

adsorption effect was quantified, followed by a realistic assessment of the adsorption 105 

heat variation of coals with different particle sizes at different temperature conditions. 106 

To further clarify the mechanism of methane adsorption by coal, the adsorption effect 107 
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of coals with different particle sizes was analyzed from the perspective of microscopic 108 

adhesion considering the combined effect of van der Waals, capillary and Coulomb 109 

forces. Thus, this study contributes to clarifying the differences in production 110 

enhancement of CBM wells in different types of reservoirs after reaching the critical 111 

desorption pressure. 112 

2. Sample and experimental systems 113 

2.1. Sample and preparation 114 

Coal samples (Fig. 1), collected from Chengzhuang (CZ) and Qiyi (QY) coal mines 115 

in the Qinshui Basin, were used to test the basic coal petrology parameters. The 116 

maximum vitrinite reflectance (Ro, max) was determined by a Leitz MPV-III 117 

microphotometer and the industrial components were evaluated by a fully automated 118 

industrial analyzer, following international standards of ISO 7404.3–1994 and ISO 119 

7404.5–1994 [18, 35, 36]. As indicated in Table 1, the Ro, max of CZ is greater than that 120 

of QY, while the volatile matter is smaller than that of QY. This demonstrates that CZ 121 

is more deeply intruded by magma, resulting in a greater degree of coalification [37, 122 

38]. CZ exhibits the Ro, max of 2.98, corresponding to high-rank coal, while QY with the 123 

Ro, max of 1.72 belongs to medium-rank coal. After that, the different coal samples were 124 

crushed, followed by the extraction of coal powder of 0.85-2.00 mm, 0.43-0.85 mm and 125 

0.18-0.25 mm through the screen sieve, respectively. To ensure the accuracy of the 126 

adsorption experiments, methane with a concentration of 99.99% was used to complete 127 

the adsorption kinetics test of this study. 128 
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 129 

Fig. 1. Experimental coal samples at different scales. (a) 0.18-0.25 mm; (b) 0.43-0.85 130 

mm; (c) 0.85-2.00 mm; (d) 10-15 mm.  131 

Table 1 Basic information of the experimental coal sample. 132 

Samples 
Depth 

(m) 

Ro, max 

(%) 

Per 

(mD) 

Proximate analysis (%) 
Coal maceral 

composition (%) 

Mad Aad Vad FCad V I 

CZ 521 2.98 0.04 0.61 18.16 6.52 74.71 90.3 9.7 

QY 483 1.72 0.07 1.36 9.79 13.69 75.16 92.7 7.3 

Note: Per, permeability; Mad, moisture (air-dried basis); Aad, ash (dry basis); Vad, volatile matter (dry, 133 

ash-free basis); FCad, Fixed carbon (air-dried basis); V, vitrinite; I, inertinite; E, exinite. 134 

2.2. Testing Instruments 135 

The experimental system for this study consists of reaction heat apparatus C80 and 136 

AFM. The model C80 reaction heat apparatus (Fig. 2a), from the State Key Laboratory 137 

Cultivation base for Gas Geology and Control of Henan Polytechnic University in the 138 

Province and Ministry, is equipped with a reaction kettle, heating program, signal 139 

converter, sample cylinder and reference cylinder. The entire instrument runs at a 140 

maximum temperature of 300 °C with a maximum ramp rate of 2 K/min. The seal ring 141 

of the reaction kettle is composed of tetrafluoroethylene at a maximum operating 142 

temperature of 220 °C. If the temperature of the reaction kettle exceeds 220 °C during 143 

the experiment, the seal ring needs to be removed, which results in a larger error in the 144 
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measured adsorption heat [39]. Hence, the heating process of coal samples should not 145 

be higher than the limited temperature of the seal ring as much as possible [40]. To 146 

allow for sufficient pressure redundancy, basic pressure changes need to be estimated 147 

before the high-pressure treatment of the sample cylinder, especially for samples that 148 

give off large amounts of gas [23]. Since the sample cylinder is prone to rupture or 149 

deformation due to overpressure, this can lead to damage to the reaction heat instrument 150 

[41]. Therefore, the pressure of the sample cylinder should not exceed 20 MPa during 151 

the whole experiment. 152 

 153 

Fig. 2. Schematic diagram of the principle of the experimental setup. (a) Reaction heat 154 

apparatus C80; (b) AFM. 155 

   AFM (Fig. 2b), model Dimension, was used to measure the roughness and adhesion 156 

properties of coal. In the contact mode, the height undulation of the sample surface can 157 

be measured [22]. In another PeakForce QNMTM mode, the mechanical modulus, 158 

adhesion, deformation and other physical properties of the sample can be obtained 159 

while imaging at high resolution [42]. The entire device adopts Digital Q control 160 

technology, which allows digital control of the Q value to improve the signal-to-noise 161 
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ratio. Additionally, the AFM includes an anti-vibration device to prevent the occurrence 162 

of low-frequency resonance. This instrument has a scanning range of 90 × 90 × 10 μm 163 

in the X, Y and Z directions, with a thermal drift level of less than 0.2 nm/min. The 164 

vertical and horizontal resolutions exhibit 0.01 nm and 0.1 nm, respectively. 165 

2.3. Experimental procedures 166 

The whole experimental procedure is divided into four steps: sample processing, 167 

adsorption test, adsorption heat measurement and AFM scan. In the process of sample 168 

processing, 60 g coal samples of different scales were dried and then put into the 169 

adsorption tank respectively for experiments. To maintain a constant temperature, the 170 

test cell was in an oil bath consisting of a stainless steel reference tank and a sample 171 

tank. According to the field reservoir conditions, adsorption experiments were 172 

conducted under different temperatures (25 °C, 30 °C, 35 °C, 40 °C, 45 °C and 50 °C) 173 

at a maximum pressure of 8 MPa. The whole adsorption test system consists of gas 174 

cylinder, pressure sensor, signal receiver, thermostat, sample and reference cylinders. 175 

The isothermal adsorption experiments were carried out with 99.99% methane gas at 176 

different temperatures. According to the standard GB/T19560-2008 [18], the adsorption 177 

volume was determined experimentally by static capacity. The volume of methane gas 178 

adsorbed at equilibrium at the same temperature and under different pressure conditions 179 

was measured immediately after placing the measured coal sample with balanced water 180 

content in a sealed container. Subsequently, the Langmuir volume (VL), pressure (PL) 181 

and isothermal adsorption curves were calculated based on the Langmuir monolayer 182 

adsorption theory. For adsorption heat testing, we should make sure that the O-ring and 183 
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retaining cap do not come off before the sample cylinder is placed inside the C80 [26]. 184 

The coal samples were collected in sample cylinders with uncontaminated interior walls 185 

to reduce the experimental error of adsorption heat testing [34]. The whole test steps of 186 

adsorption heat were shown as follows: (i) put coal into the sample cylinder and 187 

tightened the cover with gasket; (ii) used special tweezers to install the snap-in spring, 188 

followed by placing the sample cylinder inside the calorimetric unit; (iii) installed the 189 

heat shielding assembly and waited for the HF signal to stabilize before starting the test.  190 

During AFM scanning, the surface roughness and adhesion properties of different 191 

coal samples were tested separately in the PeakForce QNMTM mode. Before adjusting 192 

the detector position, the laser should hit the front section of the cantilever, and the 193 

same type of probe was selected for all coal samples [22]. It is worth noting that the 194 

probe position should be found in the field of view in advance before starting the scan 195 

to prevent the occurrence of needle collision [42]. 196 

3. Methodology 197 

3.1. Evaluation of adsorption potential 198 

   During the adsorption process, methane is in the adsorption field on the coal surface, 199 

so the adsorbent can be adsorbed onto the solid adsorbent surface [43, 44]. When the 200 

effect of adsorption is greater than the molecular thermal motion, the distance between 201 

the molecules of the adsorbent decreases, and even condensation or chemisorption 202 

occurs [45, 46]. The concentration of the adsorbed phase, which is in the adsorption 203 

layer between the adsorbent bulk phase and the solid adsorbent surface, generally varies 204 
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continuously in a gradient [18]. The existing theory of adsorption potential suggests 205 

that the main force of gas-solid adsorption is the dispersion force, i.e., molecules can 206 

be attracted to each other by temporary dipoles when they are close to each other [19, 207 

27, 45]. Due to the constant movement of electrons and the vibration of the nucleus, 208 

molecules often undergo temporary relative displacement between the electron cloud 209 

and the nucleus, resulting in temporary dipoles. The dispersion force is mainly related 210 

to molecular deformation, but not to temperature. Based on Polanyi's theory, the 211 

adsorption potential ε is calculated as follows [47]: 212 

R ln SP
T

P
 =                             (1) 213 

where R denotes the ideal gas constant; T represents the temperature; Ps indicates the 214 

saturated vapor pressure at temperature T, and P is the equilibrium pressure. 215 
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where Pc denotes the constant critical pressure of methane; Tc stands for the constant 217 

critical temperature of methane. 218 
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3.2. Pore characterization 220 

There are several pore classification schemes internationally, among which pores in 221 

coal can be divided into adsorption pores (<100 nm) and seepage pores (100-1000 nm) 222 

by combining various pore classification methods with the actual geology of Qinshui 223 

Basin [11]. To accurately characterize the multiscale pores, FS-SEM and AFM were 224 
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combined to evaluate the differences in the spatial evolution of fluid flow in coal (Fig. 225 

3). All coal samples must be polished prior to the scanning test to reduce the adhesion 226 

of the pulverized coal particles [10]. In the scanning process of FS-SEM, the focus 227 

swing function is first turned on to check whether the aperture is in alignment [20], and 228 

then the astigmatism is checked by observing the astigmatism value in the status bar. In 229 

general, the thermal field emission electron gun is a tungsten filament coated with 230 

zirconia [48]. With the increase of using time, the zirconia crystal decreases, resulting 231 

in the reduction of electron beam current. Therefore, the zirconia coating on the surface 232 

of the electron gun filament should be ensured to meet the standard every time the coal 233 

sample is tested. 234 

AFM achieves detection by means of a micro-cantilever feeling the force between a 235 

sharp probe and the atoms of samples [5, 22, 49]. In this study, the watershed method 236 

was used to study the structure and developmental characteristics of pores in coal, so 237 

that the threshold values of different ranges of pores could be determined without 238 

artificial interference [22]. To obtain information on the curved undulations of the coal 239 

surface, the change in position of the micro-cantilever corresponding to each point of 240 

the scan was quantified by optical detection. Due to a large number of noise points in 241 

the initially scanned images, the first-order Flatten method in NanoScope Analysis 242 

software was used for noise reduction to acquire accurate pore parameters [42]. 243 

Subsequently, the roughness distribution characteristics of the coal surface were 244 

evaluated by the 3D Image module. For fluid flow spatial connectivity, the Invert 245 

Height function in Gwyddion software was used to determine the distribution of pores 246 
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at different scales in coal. In the process of AFM testing, the roughness can be 247 

characterized by amplitude because the amplitude parameter can reflect the high and 248 

low undulations of the coal surface. For the scanning anomalies caused by coal powder, 249 

the Flatten function was used to smooth out the images. After that, the mean roughness 250 

and root mean square roughness are obtained by the statistical quantity function, similar 251 

to in our previous publication [30]. 252 

 253 

Fig. 3. Analysis of coal surface morphological characteristics by combining FS-SEM 254 

and AFM. (a) FS-SEM measurement; (c) is the information of the bending undulation 255 

of the blue straight line in the AFM scanning image (b). 256 

3.3. Calculation of microscopic adhesion force 257 

Methane molecules can be adsorbed to the surface of the coal matrix under the 258 

action of adhesion force [18], which is the critical reason that CBM is mainly stored in 259 
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coal seam as adsorbed state [22]. In the PeakForce QNMTM mode, AFM scans at a 260 

frequency of 0.5 Hz, measuring more than 260,000 individual elements at a time. To 261 

maintain a constant imaging effect, the peak force of each tap is used as a control signal 262 

[5, 49]. Besides, each coal sample is calibrated before scanning to determine the 263 

appropriate hardness of the probe.  264 

 265 

Fig. 4. Variation of adhesion force distribution on the surface of coal matrix. 266 

As shown in Fig. 4, assuming the coal matrix as a spherical body, the adhesion force 267 

on the surface tends to increase first and then decrease with increasing distance [8]. 268 

Methane molecules with low transport velocities can be easily adsorbed on the surface 269 

of coal matrix, which provides some ideas for gas desorption. The calculation process 270 

of adhesion force Fadh is as follows [22]: 271 

3=
4

3
adh tipF F E rd−                (4) 272 

where Ftip shows the tip force; d represents the sample deformation; and r indicates the 273 

tip radius. The equivalent modulus E* is calculated as follows: 274 
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where Es and Etip denote the Young's modulus of coal sample and probe, respectively. 276 

vs and vtip indicate the Poisson's ratio of coal sample and probe, respectively. 277 

4. Results and discussion 278 

4.1. Adsorption behavior in coals with different particle sizes 279 

4.1.1. Adsorption properties of coals with different particle sizes 280 

As a kind of porous media with strong heterogeneity, there are differences in 281 

methane adsorption by coals with different particle sizes [3, 41]. The adsorption 282 

saturation times of CZ for coal samples of 0.18-0.25, 0.43-0.85, 0.85-2.00 and 10-15 283 

mm were about 72, 120, 168 and 500 h, respectively. The adsorption saturation times 284 

of QY for coal samples with different particle sizes were about 70, 115, 157 and 483 h, 285 

respectively. As shown in Fig. 5, the absolute adsorption volume (AAV) of coals with 286 

different particle sizes tends to increase first and then stabilize as pressure increases, 287 

with the maximum AAV reaching 36.03 cm3/g. As the particle size increases, the 288 

adsorption capacity of coal for methane gradually decreases. For the medium-rank coal 289 

QY, the maximum AAV of 0.18-0.25 mm reaches 31.91 cm3/g. The AAV of CZ of 0.85-290 

2.00 mm is 1.06 times higher than that of QY under the pressure condition of 4.2 MPa. 291 

At different pressure conditions, the AAV of high-rank coal CZ (Fig. 5a) is greater than 292 

that of medium-rank coal QY (Fig. 5b), which is similar to the results of Meng et al. 293 

[19]. Moreover, with the increase in coal particle size, the adsorption capacity of CZ 294 
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changes more than QY, which is mainly related to the adsorption properties of coal [6]. 295 

In the adsorption process, the effective adsorption sites generally tend to decrease [24]. 296 

Due to the high density of free gas under low-pressure conditions, coal rocks exhibit a 297 

strong ability to adsorb gas. The compressive strength of the coal rock increases with 298 

increasing pressure causing some of the adsorption pores to deform or close, thereby 299 

leading to the gradual saturation of adsorption capacity. Macroscopically, this variation 300 

is shown by the decreasing trend of the adsorption rate with increasing pressure in Fig. 301 

5. 302 

 303 

Fig. 5. The AAV of coal samples with different particle sizes at 25℃. (a) Coal sample 304 

CZ; (b) Coal sample QY. 305 

As reported by Du et al. [14]. the adsorption properties of coal are mainly controlled 306 

by adsorption pore structure and surface chemical characteristics. Affected by the 307 

degree of coalification, the micropores of high-rank coal are generally more developed 308 

than that of medium-rank coal, resulting in a stronger adsorption capacity [50]. In the 309 

process of magmatic thermal metamorphism, magma intrusion leads to aromatic group 310 

rupture reducing the functional group content. Contrary to the adsorption of micropores, 311 

this decreases the adsorption potential of high-rank coal for methane. However, the 312 
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negative effect of functional group reduction on the adsorption capacity is much smaller 313 

than the positive effect of adsorption pores [6]. Therefore, the adsorption capacity of 314 

CZ is stronger than QY. 315 

 316 

Fig. 6. The EAV of coal samples with different particle sizes at 25℃. 317 

Similar to the AAV, the excess adsorption volume (EAV) of different coals shows 318 

an overall trend of decreasing adsorption rate with increasing pressure (Fig. 6). When 319 

the adsorption reaches equilibrium, the maximum EAV of CZ is 4 cm3/g larger than that 320 

of QY. At a pressure of 5.7 Ma, the EAV of CZ with 0.43-0.85 mm is 1.15 times larger 321 

than that of QY. When the pressure is low, AAV is approximately equal to EAV (Figs. 322 

5 and 6). With the increase of pressure, the difference between AAV and EAV increases, 323 

indicating a gradual increase in the volume of adsorbed phase. Regardless of CZ or QY, 324 

methane reaches the maximum adsorption volume when the residual adsorption 325 

potential is 0. As the pressure continues to increase, more desorption occurs at different 326 

sites of adsorbed phase [21], leading to the increase in the density of the free phase 327 

methane increasing the gap between AAV and EAV. This is an essential characteristic 328 

of supercritical methane, i.e., a downward trend in the EAV of supercritical methane in 329 

coal occurs when the pressure is very high. Additionally, the more repulsive forces 330 
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between the gas molecules do work to generate more heat with the progress of 331 

adsorption, which can also lead to desorption at different sites of the adsorbed phase. 332 

4.1.2. Temperature change during adsorption 333 

Due to the heat released during the adsorption process, the temperature of the coal 334 

sample is in dynamic change [3, 51]. As presented in Fig. 7, there is a great difference 335 

in the temperature variation of different particle size coal samples in the adsorption 336 

process. With the increase of pressure, the temperature variation of coal during 337 

adsorption decreases in a logarithmic pattern. The larger the particle size of coal, the 338 

smaller the temperature variation. After reaching adsorption equilibrium, the 339 

cumulative change in CZ for 0.18-0.25 mm ranges from 3.14°C (Fig. 7a). Whereas, 340 

smaller changes occur in the CZ of 10-15 mm with a mere change of 1.78 °C. Similarly, 341 

the QY of 0.43-0.85 mm varies by 0.63°C at the adsorption pressure of 0.7 MPa (Fig. 342 

7b). However, the QY of 0.85-2.00 mm changes only 0.25°C at the adsorption pressure 343 

of 5.8 MPa. In general, the temperature change of CZ during the adsorption reaching 344 

equilibrium is greater than that of QY with the same particle size. 345 

 346 

Fig. 7. Temperature variation of coal samples with different particle sizes during 347 

adsorption. 348 
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In the adsorption process, the greater adsorption volume causes more heat to be 349 

released, resulting in faster temperature changes [18]. On the contrary, the desorption 350 

process of coal samples with different particle sizes undergoes changes in temperature 351 

reduction [51]. Since the effect of temperature change affects the equilibrium of 352 

adsorbed and free gas in coal, the diffusion and seepage linkage mechanism of coal in 353 

the actual stratum changes accordingly. Also, this is an important reason for the change 354 

in imbibition dynamics [52]. Therefore, the influence of temperature change should be 355 

considered in the study of the elastic self-regulation effect of the CBM development 356 

process. 357 

4.1.3. Constraint mechanism of temperature on adsorption 358 

As indicated in Fig. 8, temperature affects the adsorption capacity of coal samples 359 

with different particle sizes. CZ exhibits similar isothermal adsorption curve 360 

characteristics at different temperature conditions. When the CZ of 0.18-0.25 mm 361 

reaches adsorption equilibrium, the AAV at 50°C is 8.68 cm3/g less than that at 30°C. 362 

For the CZ 10-15 mm, the AAV at 35°C is 1.11 times higher than that at 45°C. As can 363 

be seen from Fig. 8, pressure is the main factor affecting CZ adsorption under low-364 

pressure conditions. With the increase of pressure, the temperature gradually becomes 365 

the dominant factor controlling adsorption [34]. Also, QY with different particle sizes 366 

displays similar curve characteristics, but the overall AAV at reaching adsorption 367 

equilibrium is 1.37 to 4.12 cm3/g smaller than CZ. These phenomena suggest that high 368 

temperatures can provide the energy for gases to escape from coal surface, thus 369 

reducing the adsorption affinity of coal [14]. In the actual CBM accumulation 370 
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development, the superimposed areas of syncline and anticline with larger burial depth 371 

contain small gas content [5, 15]. Hence, it is not recommended to drill CBM wells in 372 

these areas. 373 

From Fig. 8, there are differences in the effect of temperature on the adsorption 374 

capacity of coal samples with different particle sizes. It is noteworthy that the difference 375 

in AAV at different temperatures gradually becomes smaller as the particle size of coal 376 

samples increases, mainly due to the relatively fewer adsorption sites for larger-size 377 

coal samples [2]. In other words, the influence of temperature on the adsorption 378 

sensitivity decreases with increasing coal sample size. In the process of CBM 379 

exploitation, the fragmented coal reservoir is generally more prone to CBM desorption 380 

than the primary structural coal reservoir. Since most of the underground coal seams 381 

have experienced multi-phase tectonic movement effects, fragmented coal is more 382 

susceptible to gas escape than fractured coal. Thus, the gas content of the same block 383 

of fragmented coal reservoir is generally lower than that of the fractured coal reservoir. 384 

For deep coal seams, temperature affects the permeability of the reservoir. On the one 385 

hand, the expansion of the coal-rock skeleton caused by heat leads to the narrowing of 386 

fluid channels reducing reservoir permeability. On the other hand, the increase in 387 

temperature decreases the viscosity of methane gas resulting in higher permeability of 388 

the reservoir. However, the influence of ground stress on CBM transport becomes 389 

increasingly significant as the depth of the coal seam increases, mainly reflecting the 390 

coupling effect of the paleo-tectonic stress field (controlling the generation of fractures 391 

in the coal) and the current stress field (controlling the opening degree of fractures). 392 
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Therefore, multiple factors (temperature, pressure, magma movement and tectonics, 393 

etc.) should be considered for the development of deep-seated CBM. 394 

 395 

Fig. 8. Absolute adsorption volumes of CZ with different particle sizes at different 396 

temperatures. (a) 0.18-0.25 mm; (b) 0.43-0.85 mm; (c) 0.85-2.00 mm; (d) 10-15 mm.  397 

4.1.4. Change in adsorption potential 398 

To further clarify the effect of temperature on adsorption, the adsorption potential 399 

of coal samples at different temperatures was analyzed. As illustrated in Fig. 9, the 400 

adsorption potential of the same particle size coal sample decreases with increasing 401 

pressure. The higher the temperature, the greater the adsorption potential of coal. This 402 

presents a new idea for improving CBM recovery [31]. The adsorption potential of CZ 403 

reduces by 4.86 kJ/mol when saturation adsorption is reached at 25°C, while a greater 404 

change in adsorption potential at 50°C can be found (decreased by 7 kJ/mol). In addition, 405 
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QY also exhibits a similar trend of adsorption potential variation. This indicates that the 406 

increase in temperature decreases the energy required for the escape of gas molecules 407 

from the coal surface, thus decreasing the adsorption potential [18]. Overall, the 408 

adsorption potential of CZ is smaller than that of QY, which well confirms the variation 409 

trends of AAV and EAV for both coal samples in Figs. 5 and 6. 410 

 411 

Fig. 9. Adsorption potential of coal samples of 0.18-0.25 mm at different temperatures. 412 

(a) CZ; (b) QY. 413 

The adsorption space and adsorption volume of low-particle size coal samples are 414 

significantly higher than those of high-particle size coal samples, mainly due to the 415 

combined effect of pore skeleton and macromolecular structure of coal during brittle 416 

and ductile deformations [24]. In the process of multi-stage tectonic movement, the 417 

adsorption space of coal increases with the enhancement of tectonic deformation, which 418 

also provides more possibilities for methane to escape from coal seams to the roof and 419 

floor [33]. 420 

4.2. Impact of different scale pores in coal on adsorption effect 421 

Coal, as a porous medium with strong heterogeneity, contains pore-fractures of 422 
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different scales [3, 8, 53]. Due to the existence of primary, metamorphic, mineral and 423 

epigenetic pores in coal, the adsorption process is complicated [6, 25, 54]. As indicated 424 

in Fig. 10a1 and b1, there are differences in the pore distribution of CZ and QY. The 425 

former contains many clustered pores, while the latter is mainly dominated by slit-like 426 

pores. The CZ contains 2026 adsorption pores (Fig. 10a2), with an average pore size of 427 

3.06 nm. Interestingly, super-micropores smaller than 2 nm account for 67%. The 428 

adsorption capacity of CZ is stronger because the super-micropores in coal contribute 429 

to the major adsorption capacity. According to Fig. 10b2, QY includes 1686 adsorption 430 

pores, accounting for 8.56% of the coal sample area. An unexpected result is that the 431 

average pore size of QY differs from that of CZ by 0.01 nm. However, the adsorption 432 

pores from 2 to 100 nm account for 51%. Thus, the adsorption capacity of QY is weaker 433 

than that of CZ. It is noteworthy that many closed pores are broken as the particle sizes 434 

of coal samples decrease [21]. This is also an influential factor that the adsorption 435 

capacity of the coal samples of 0.18-0.25 mm is stronger than that of 10-15 mm. 436 

Due to the microscopic undulations of the planes that can represent the overall 437 

concave and convex distribution of pores [5, 55], the roughness of coal was 438 

characterized by AFM. The amplitude in the AFM image reflects the height change of 439 

the coal surface, and the roughness analysis method has been mentioned in our previous 440 

study [30]. As demonstrated in Fig. 11a, CZ exhibits the mean roughness of 2.09 nm 441 

and the root mean square roughness of 1.46 nm. While, the lower roughness variation 442 

is reflected in QY. the average roughness of QY is 1.48 nm smaller than that of CZ, and 443 

the root mean square roughness is only one-third of CZ. These experimental results 444 
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suggest that the high complexity of surface fluctuations in CZ leads to a higher 445 

resistance to transport of adsorbed methane. Besides, the adsorption pores on the 446 

surface of CZ are more heterogeneous, which may result in more methane forming 447 

capillary coalescence effects [2, 5]. 448 

 449 

Fig. 10. Observation of microscopic pores in coal by FE-SEM and AFM. 450 

4.3. Evaluation of adsorption heat  451 

As illustrated in Fig. 12, The adsorption heat of coal samples with different particle 452 

sizes shows a trend of "increasing first and then stabilizing" with increasing pressure. 453 

As the particle size increases, the overall adsorption heat of coal tends to decrease. The 454 

adsorption heat of CZ of 0.18-0.25 mm is higher than that of 0.85-2.00 mm by 3.57 J/g 455 

for reaching the adsorption equilibrium at 25°C (Fig. 12a and c). However, greater 456 

variation occurs in QY under the same conditions. When the coal sample reaches 457 

adsorption equilibrium at 50°C, the adsorption heat of QY of 0.43-0.85 mm is about 458 
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1.08 times higher than that of 0.85-2.00 mm (Fig. 12e and f). This corroborates the 459 

experimental results in Figs. 5 and 6, indicating that the larger the particle size of the 460 

coal sample, the worse the adsorption capacity. Interestingly, the adsorption heat of CZ 461 

is always greater than that of QY throughout the adsorption process. This may be related 462 

to the structure of the coal itself [3, 30, 56], that is, high-rank coal is more strongly 463 

metamorphosed by magma intrusion than medium-rank coal, forming more micropores 464 

that are favorable for methane adsorption. 465 

 466 

Fig. 11. AFM characterization of the concave and convex changes of coal surface in 467 

two and three dimensions. 468 

   As can be seen from Fig. 12, the adsorption heat of both coal samples is below 40 469 

J/g, demonstrating that the physical adsorption of methane is mainly dominated by both 470 

coal samples. Due to the strong heterogeneity of coal, methane tends to occupy sites 471 

with high adsorption potential at the beginning of adsorption to release large amounts 472 

of heat [50]. As the adsorption process proceeds, the later methane molecules can only 473 
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occupy adsorption sites with low adsorption potential to release a small amount of heat 474 

[18]. Thus, the adsorption heat of coal samples with different particle sizes tends to 475 

increase first and then stabilize with increasing pressure. In addition, the whole 476 

adsorption is a process of van der Waals force interaction between methane molecules 477 

and coal surface [1, 15]. Therefore, the intermolecular forces of adsorbed methane are 478 

no longer negligible, which in turn causes the adsorption potential on the coal surface 479 

to change, resulting in further enhancement of the heterogeneity of coal. 480 

 481 

Fig. 12. Variation of adsorption heat of coal samples with different particle sizes at 482 
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different temperatures. 483 

 484 

Fig. 13. The distribution of adhesion force of different coal samples at 25℃. 485 

4.4. Microscopic adhesion variations in coal  486 

To further reveal the adsorption mechanism of coal, the adhesion properties of 487 

different coal samples were characterized [30]. As indicated in Fig. 13, we counted the 488 

adhesion distribution of 2050 points in the 500 × 500 nm area of each coal sample. The 489 

adhesion force of CZ is distributed between 2.7 and 19.4 nN, with 9.2 nN accounting 490 

for the largest percentage of 0.5% (Fig. 13a1 and a2). The adhesion force is a 491 

comprehensive reflection of van der Waals, capillary and Coulomb forces [1, 8], 492 

indicating that the heterogeneity of the micromechanics in coal still exists. In contrast, 493 

the adhesion force distribution of QY is more uniform than that of CZ, mainly 494 
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concentrated between 1.5 and 3.0 nN (Fig. 13b1 and b2). In the process of methane 495 

adsorption, gas molecules move on the surface of coal matrix. Affected by the adhesion 496 

force, methane molecules in the effective adhesion region can be stably adsorbed into 497 

pores [5, 57]. The adsorption process can be regarded as the comprehensive effect of 498 

the adhesion between gas molecules and pores, making the adsorbed gas in dynamic 499 

equilibrium with the free gas in coal [22]. Hence, this essentially clarifies that the 500 

adsorption capacity of CZ is stronger than that of QY. The adhesion force is a critical 501 

factor in determining the adsorption capacity of coal on methane [8], which provides a 502 

new idea to expand the adsorption kinetics. 503 

Temperature affects the microscopic adhesion, thereby changing the coal adsorption 504 

properties of methane [24, 30]. From Fig. 14, the adhesion of coal tends to decrease 505 

logarithmically with increasing temperature. This well explains the decrease in the 506 

adsorption capacity of coal for methane with the increase of temperature. Moreover, the 507 

higher the temperature, the more concentrated the adhesion distribution of coal, 508 

indicating that temperature affects the heterogeneity of adhesion [6, 58]. It should be 509 

noted that rising temperature increases the activation energy of the gas [8, 59], causing 510 

the thermal motion of the methane molecules to accelerate. This reduces the adsorption 511 

potential energy of methane molecules on the surface of coal matrix, resulting in an 512 

enhanced rate of desorption of methane from coal. Since the desorption effect 513 

essentially acts as an endothermic process, rising temperature disrupts the original 514 

equilibrium state of adsorption-desorption, leading to the development of fluid 515 

migration in the coal reservoir in a favorable direction [60, 61]. In particular, the 516 
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desorption efficiency of coals with different degrees of metamorphism is obviously 517 

increased by rising temperature, further making the desorption hysteresis weaker. 518 

 519 

Fig. 14. Adhesion in coal at different temperatures. 520 

5. Conclusions 521 

In this work, we first investigated the adsorption properties of coals with different 522 

particle sizes, followed by clarifying the effect of pores in coal at different scales on the 523 

adsorption heat. To further elucidate the constraint mechanism of coal adsorption on 524 

methane, the adsorption effects of coals with different particle sizes were dissected from 525 

the perspective of microscopic adhesion considering the combined effects of van der 526 

Waals, capillary and Coulomb forces. The following conclusions are drawn: 527 

(1) As the pressure continues to increase, more desorption occurs at different sites of 528 

adsorbed phase, leading to the increase in the density of the free phase methane 529 

increasing the gap between AAV and EAV. This is an essential characteristic of 530 

supercritical methane, i.e., a downward trend in the EAV of supercritical methane 531 

in coal occurs when the pressure is very high. 532 

(2) The CZ contains 2026 adsorption pores, with an average pore size of 3.06 nm. 533 
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Interestingly, super-micropores smaller than 2 nm account for 67%. The 534 

heterogeneity of the adsorption pores in CZ is stronger than in QY, resulting in the 535 

formation of more methane capillary condensation. 536 

(3) The adsorption heat of CZ of 0.18-0.25 mm is higher than that of 0.85-2.00 mm by 537 

3.57 J/g for reaching the adsorption equilibrium at 25°C. Due to the strong 538 

heterogeneity of coal, methane tends to occupy sites with high adsorption potential 539 

at the beginning of adsorption to release large amounts of heat. 540 

(4) The adhesion force distribution of QY is more uniform than that of CZ, mainly 541 

concentrated between 1.5 and 3.0 nN. Affected by the adhesion force, methane 542 

molecules in the effective adhesion region can be stably adsorbed into pores. 543 

Moreover, the higher the temperature, the more concentrated the adhesion 544 

distribution of coal, indicating that temperature affects the heterogeneity of 545 

adhesion. 546 
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Nomenclature 557 

ε    Adsorption potential [kJ/mol] 558 

R     Ideal gas constant [kJ/(mol·K)] 559 

T     Temperature [K] 560 

Ps    Saturated vapor pressure at temperature T [MPa] 561 

P     Equilibrium pressure [MPa] 562 

Pc    Constant critical pressure of methane s [MPa] 563 

Tc    Constant critical temperature of methane [MPa] 564 

Fadh    Adhesion force [nN] 565 

Ftip     Tip force [nN] 566 

E*       Reduced modulus [nm] 567 

d     Amount of sample deformation [nm] 568 

r     Tip radius [nm] 569 

vs       The Poisson's ratio of coal sample 570 

Es       The Young's modulus of coal sample [GPa] 571 

vtip      The Poisson's ratio of probe 572 

Etip      The Young's modulus of probe [GPa] 573 
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